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THE STATTC LONGITUDINAL CHARACTERISTICS OF A TWISTED
AND CAMBERED L5° SWEPTBACK WING AT MACH
NUMBERS UP TO 0.96

By Robert I. Sammonds and Robert M. Reynolds
SUMMARY

A 145° syeptback wing of aspect ratio 3, having twist and a distributed
type of camber, was tested in combination with & body of fineness ratio
12.5 to determine the 1ift, drag, and pitching-moment characteristiecs.

The tests were made at Mach numbers up to 0.96 st a Reynolds number of
1.5 miliion, and at Reynolds numbers up to 8 million at a Mach number of
0.22. The tests were conducted both with and without roughness strips
near the leading edge of both the upper and lower surfaces of the wing.
Comparisons have been made of these data with previously published data
for a conically cambered wing having identical plan form and thickness.

The anticlipated gains in meximm l1ift-drag ratio at high subsonic
Mzch numbers due to the use of a distributed type of camber rather than
one concentrated near the wing leading edge (conical camber) were not
reglized. The maximum 1ift-drag ratlios for the two wing-body combina-
tions, with roughness, were nearly the same throughout the range of these
tests.

The zero-1lift pitching-moment coefflcients for the distributed camber
wing were more negative than those for the conically cembered wing. This
difference in zero-lift pltching moment for the two wing-body combinastlions
would be expected to result in drag penslties in the trimmed condition that
would have an adverse effect on the lift-drag ratios for a complete model
having this particular camber asnd twist distribution.

INTRODUCTION

In order to lncrease the range of airplanes incorporating sweptback
wings, attempts have been made to reduce the drag due to 1ift of the wing



2 : NACA RM A58C21

by employlng various types of camber. A conlcal type of camber ( camber
concentrated near the wing leading edge, as suggested in ref, 1) wes
successfully used in reference 2 on a 45° sweptback wing of aspect
ratio 3. .

Section data presented in reference 3 indicate that improvements in
1lift-drag ratio may be obtained at high subsonic Mach numbers by a more
uniform chordwise distributlion of camber rather than concentrating it near
the leading edge as for the conical type of camber. However, both refer-

ences 3 and 4 show that a rearward distribution of camber results in an
" incressed negative piltching moment at zero 1ift which usually increases
the trim drag. This zero-lift pitching moment may be avolded by a judi-
cious choice of the spanwise variation of wing twist and by the spanwlse
variation of the smount and type of camber. -

: The present investigation was undertaken to evaluate a more uniform

chordwise distribution of camber for a swept wing than 1s entalled with
conlcal cember. The wing, which was tested in conjunction with a body of
' fineness ratio 12.5, had an aspect ratlio of 3, a taper ratio of O. k, and
450 gweepback of the leading edge. The camber of the wing was Varied
spanwlse and the wing was twisted -5° from the root to the tip to reduce
the pitching moments &t zero 1lift.

The tests were conducted in the Ames 12-foot pressure wind tunnel
at Mach numbers from 0.60 to 0.96 at a Reynolds mumber of 1.5 million,
and for Reynolds numbers from 3 to 8 million at a Mach number of 0.22.

" The tests were cohducted both with and without roughness strips near the
. leading edge of both the upper and lower surfaces of the wing. The wing-
. body combingtion tested is identlcal in projected plan form to that
reported in reference 2. Comparisons have been made of the data of the
present investigation with simllar data presented in reference 2 for a

+ conlecally cambered wing having a design 1ift coefficient of 0.22.

NOTATION
2
;A aspect ratio, g
b wing span
ICD drag coefficient, Qig&
'CDO drag coefficient at zero 1ift
ICL 1ift coefficient, ;égi

Crg design lift coefficlent at design Mach number of 1.0

+
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Cn pitching-moment coefficient, pit q_SgE': ment » referred to an axis

through the quarter point of the mean aerodynamic chord

Cmo pitching-moment coefficlent at zerc 1ift
c local wing chord
b/2
f c2dy
(o}
c mean aerodynsmic chord of wing,

blz
[T
o

L.E.R. leading-edge radius

L 1lift-drag ratio
@) maximm lift-drag ratio
max

A over-all length of baslic body
M free-gtream Mach number

free-stream dynamic pressure

R Reynolds number based on wing mean aerodynsmic chord
T local radius of body

Tq maximum radius of body

S wing area

X,¥s2 Cartesian coordinstes in streamwise, spanwlse, and vertical
directions, respectively

%L- rate of change of 1ift coefficlent with angle of attack, Cf, = O
a. . R . .

9% rate of change of pitching-moment coefficient with 1ift coeffi-
dcy, clent, Cr, = O

o angle of attack



€ - angle of twist

1N fraction of wing span, A
b/2
Subscripts
1 lower surface of wing
u, upper surface of wing
LER leading-edge radius
MODEL

The model consisted of a sweptback wing mounted in the midwing
position on a streamline body of revolution. The wing had an aspect
ratio of 3, a leading-edge sweepback of 45°, a taper ratioc of 0.40, and
a maximum thickness of approximately 5 percent in streamwise planes. A
sketch of the projected plan form of the model, showing the basic model
dimensions, ls presented in figure 1. TFigure 1 gives the equation of the
Sears-Haack body coordinates (designed to have minimim wave drag for
glven volume) and shows the cutoff at the rear of the body to accommodste
the sting and the four-component strain-gage balance used to measure the
forces and moments.

The wing consisted of NACA 64A006 sections perpendicular to the
quarter-chord line of the swept airfoil sectiomns with & leadlng-edge
modification consisting of an increase in the nose radii as shown in
flgure 2. This leading-edge modification is identical to that used for
the wings reported in reference 2,

. The central portion of the wing (38.26 to T0.Tl percent of the
semispan) was cambered on the bagis of an a = 0.8 (modified) mean line
and a design 1ift coefficilent of Q.2. To alleviate the large negative
zero~-1lift pltching moments resulting from the use of this type mean line,
two steps were tsken: +the root and tip sections of the wing were cambered
using one-third of an NACA 230 mean line (design 1ift coefficient of 0.1)
and the wing was twisted ~5° (see fig. 3) from root to tip. The wing was
smoothly faired between the root and 38.26 percent of the semlispan and
between TO.7l percent of the semispan snd the tilp in order to avold any
abrupt discontinulties in the wing surface due to the differetces in cam-
ber. This effectlively results in some intermediste type of camber between
the O and 38.26 percent stations and between the T0.71 and 100 percent
stations. The resultant theoretical zero-1ift pitching-moment coefficlent
for this wing was estimated to be approximately -0.01 at low speeds.

_

Ao
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The coordinates for the cémbered “wing, based on the projected plsan-
form chord, are given in table I.

TESTS AND FROCEDURES

The 1lift, drag, and pitching-moment characteristics of the 45°
sweptback wing were determined for a range of sngles of attack for
Reynolds numbers of 3, 6, and 8 million at a Mach number of 0.22, for
Reynolds numbers of 1.5 and 2.83 million at a Mach number of 0.60, and
for Mach numbers from 0.80 to 0.96 at a Reynolds number of 1.5 million.

These tests were conducted both with and without roughness strips
placed along conical reys near the leading edge of both the upper and
lower surfaces of the wing (see fig. 1). These roughness strips con-
sisted of number 60 Carborundum grit imbedded in Vulecslock.

CORRECTIONS TC DATA

The data presented herein have been reduced to standard NACA
coefficient form. The pitching-moment coefficients are referred to an
axis through the quarter point of the mean aerodynamic chord.

The drag coefficient and angle of attack have been corrected by the
method of reference 5 for the induced effecis of the tunnel walls result-
ing from 1ift on the model. The following corrections were added to the
measured values:

i

PaY¥e A

ACp

The induced.effects of the tunnel walils on the pitching moment were
calculated and found to be negligible.

0.16 Cy,, deg

0.00279 ;2

Corrections were slso applied to the data to take account of the
constriction (blockage) effects of the tunnel walls (ref. 6) and the
inclination of the tunnel air stream. At a Mach number of 0.90, the
blockage correction amounted to an increase of less than 1 percent in
the messured values of Mach number and dynamic pressure. The correction
for the air-stream inclination was 0.1° for all test conditions.

The drag data were adjusted to correspond to a base pressure equal
to free-stresm static pressure.
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RESULTS AND DISCUSSICN

The 1lift, drag, asnd pitching-moment data for the wing-body combina-
tion, both w1th and without roughness strips near the leading edge of
both the upper and lower surfaces of the wing, are presented in figures 4
to 6 In figure 4, the drag dats have been presented in the Fform

(CrB/mh) for plotting convenience. The variation of the total drag
coefficient (CD) with Reynolds number and Mach number for constant 1ift .
coefficients 1s shown in figures T and 8, respectively. Included in
figures 7 and 8 are comparable date from reference 2 for a conically
cambered wing having a design 11ft coefficient of 0.22 at a design Mach
number of 1.0. The lift-drag ratios for the wing-body combination of
this investigation, both with and without roughnese strips, are presented
in flgures 9 and 10. The maximum 1lift-dreg ratios and the 1ift coeffi-
cients for maxlmum lift-drag ratio are presented in figures 11 and 12 as
a function of Reynolds nunmber and Mach number, respectively. Also
included in flgures 11 and 12 are comparsble data for the conically cam-
bered (CLd = 0.22) wing of reference 2 and for the theoretical conditions
of full leading-edge suction and no leading-edge suction. The zero-lift
pitching-moment coefficlents and the slopes of the 11ft and pitching-
moment curves, near zero lift, are presented in figures 13 and 14 as a
function of Reynolds number and Mach number, respectively, for both
cambered wings.

At the low Reynolds numbers of this investigation and with aerody-
namically smooth surfaces, the boundary layer on the model at Q% angle
of attack would probably be lsrgely lasminar. As a result, “slzable changes
in skin friction would result from a forward chordwise shift in the reglon
of boundary-layer transition with increasing angle of attack. In order to
reduce the changes in skin frictlon on the model due to 1ift coefficient
and Reynolds number, an effort was made to fix the location of the )
boundary-layer transition by placing roughness strips along conlcal reys
near the leading edge of both the upper and lower surfaces of the wing.
Although no attempt was made to determine whether or not the roughness
strips actually fixed transition near the wing leading edge, it is felt
that dats for the wing with roughness are more nearly representative of

full-scele conditions.

Comparlison of the results of thils investigation with those for the
wing of identical plan form and thickness ratio but incorporating a con-
ical type of camber (CLd = 0.22, ref. 2) shows that with roughness added

" 1The formulas used to estimate the drag coefficients for the theoretical
conditions of full leading-edge suction (elliptic loading) and no leading-

edge suction are Cp = CDO + %&r and Cp = CD + {dCL/dg)57.3’ respectively,

vhere Cp, is the drag at zero 1ift of the plane (uncambered) wing
obtained from reference 2,
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(near the wing leading edge) the maximum lift-drag ratios (figs. 11 and 12)
were nearly the same for both wing-body combinations. Thus, the antici-
pated gains in maximmm lift-drag ratio at high subsonic Mach numbers due
to the use of a distributed type of camber rather than one concentrated
near the wing leading edge were not realized. It should be noted, how-
ever, that the design 1ift coefficient (ch) for the distributed camber
wing is somewhat smaller than that for the canically cambered wing. As
was anticipated, the wing with distributed camber had larger negative
piltching moments at zero 1ift than did the conically cambered wing, and
Tor this very reason it 1s doubtful whether larger amounts of distributed
camber would be accepteble. It can be seen from figures 13 and 1% that
the zero-1ift pitching-moment coefficients varied from -0.013 to -0.037
for the wing with distributed camber and from -0.003 to -0.015 for the
wing with conlical camber. As a result of this difference in the zero-
1ift pitching moments for the two wing-body combinations, it would be
expected that the wing with distributed camber when trimmed would have
additional drag penalties that would have an adverse effect on the 1ift-
drag retios for a complete model having this particular camber and twist
distribution.

The drag dats presented in figures 7 and 8 show that the differences
in drag for the two wing-body combinations were generally small for the
highest Reynolds number of figure T and for the Mach number range of
figure 8.

The 1ift and pitching-moment data presented in Pigures 13 and 1k
show that the changes in the 1ift and pitching-moment curve slopes with
Reynolds number and Mach number were about the same for the two wing-
body combinations.

CONCLUSIONS

Datsa have been presented showing the effect of Mach nuwber and
Reynolds number on the 1ift, drag, and pitching-moment characteristics
of a 45° sweptback wing of aspect ratio 3 having twist and a distributed
type of camber. Comparison has been made of these data with comparable
data for a wing of identical plan form and thickness ratio but incorpo-
rating a conical type of camber. The results of this investigation
showed.: :

1. The anticipated gaine in meximum lift-drag ratio at high
subsonic Mach numbers due to the use of a distributed type of camber
rather than one concentrated near the wing leading edge {conical camber)
were not realized, The maximum lift-drag ratios for the distributed
camber and conical-camber wing-body combinations, with roughness, were
nearly the same throughout the range of these tests.
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2. The zero-lift pitching-moment coefficients for the distributed
camber wing were more negative than those for the conically cambered
wing. This difference in zero-1lift pitching moment for the two wing-
body comblnatlons would be expected To result in drag penalties when
trimmed that would hsve an adverse effect on the lift-drag ratios for a
complete model having this particular distributlon of casmber and twist.

Anmes Aeronsutical ILeboratory
National Advisory Committee for Aeronautics
Moffett Field, Calif., Mar. 21, 1958
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TABIE I.- WING COORDINATES
[Coordinates in inches]

Btation 0 Btation 2,700 Btation 6.200 Btation 11.W56 Statica 16.202

I, | X 4] Xy Ty X 4] ¥ Iy X 2 I, 2 X1 L In % x )]
0 0 g [ 0 ~0.000 | 0 -0.080| 0 -0.207( 0 ~0.207| 0 0.3 |0 0.382 | 0 —o.ﬁ [} -0.540
09| 018! 09| -.068 .088| -.010 ogp 156 O -, 086 -.g S22 -'ﬂ L8 k2] .033] - @030 -.508
A% .06 60| -.0m6| 233 L0065 JIRG) 163 2| | a225) - oL - 097) -.m47) m2] ALl oom| -u5%0
292 186 266 -,000 206 033 2h0| -.179 Jaga | -.088 207 -.e92]| M| ~-.277 30; ~h33] oo | -.k36| A3 -
S07| ad|  .se3| -, Jus| o .oBe | 2| -200| L3888 -.0ke| koS -.3l0| L2B6| -.8h0) . -.h63 ﬁ ~heh | 01T -.%
1,00k .aye 1.030| =k 501L| ap6| .oed| -.2e6) .TTY| .0R3| 798| -.3a9| 73| -.a183] 899 -0 . =315 JAeo| -,
1.k | k| 16| -0 .35 W20 | 1.3716] -2k | 109 .o7e| L.8L| -.338) .86L| -.133( .886| -h70| ee| -.336| LA19) -0AL
2.006| .39 | m.013| -.193( 1.8 .es0| 1.6843| -.2%8| 1.%37( .| 1,558| -, 3{1ak2| -,100]1,068] -.h66| .TB]| -.303| B8] -.570
2.965| Mo7| e.0tk| ~.a3n| 2.663| .306| e.67R| -.28L| 2. A7 a.ﬂ ~3h0 | 1,680 | -.0k8 1.&; - s LY 258 1.196| -89
i' b3 | 3.806| -.2m E.lngs il E:m +,208 | 4. .220| 1, -39 {8,223 | ~.003 (2. -0l -.ﬁ 1,566 -.Eg
. 50 L.g -,300] A,300! .366] M306] -.300 2.673 g Esge -.52a8)2,738) .03)e.mM3] -.398 1.36 - 1,9h] -,
5. %6 | 5. - 5.08L| .38 | %.085] -.315| A.Me| . 388) -.311(3.837] .059|3.e8L| -. B.2a5 | -,159 | 2.e%| -.hép
6.4g1 .:32 6.405] -.329| 5.837] .300f 5.081{ -,315| k.909| .3061 %.00k -.g 0| 087 E.'ﬂla -.3% | 2.90 | -.132|L.608] -.M5
1.& . Zaoo - 3% 6.3@ ﬁ 6.5131 -.30 5.2;{ A8 56300 - ga nalhmi| -.330|2.906 | -.10%|2.932 -.528
8. e8| 8.099) -8 7. . .28 -. 6, 32, s.g -2 | h6h% | 239 h66k) -,300|3.223 | ~.008]3.287( -.387
8.850 | e | 8.853| ~.309 g.sno 364 g.m -276| 67| .15| 6 -#33( 5,087 138 5.108| -, 3,530 | -.069|3.553| -3
9.603| 3% ¢.299| -.288| 8.8%0| .30 8.6h0| -.2@| T. 32| T7.307| -.805| 551 .2k 5.&\2 ~.239 i&a —.Rﬁ 3.8% -.gﬁ
10,395 | .33 {10,321 | ~.e60| 9.850| ,me| 9.20]| -. g R84 ; -175| 5.93% | 137 5. -.806 | A 118 -.ohs|h.138| -,
n,0e6 | 299 u.% =233 9.081| .280) 9.021| -.19%| 8.h90| .28L| 6. =106 6.3_32 130 | 6,348 ~.}E hohon | -.096|k.1T| -.247
1,708 | .e53|11. -.200| 10.%36| .24k |20.533( -.063| 9.m7| .A33| 9.007| -M6) 6, J1g| 6,0 -, h67h{ ~.0R0 h.gge =310
12.371 | .09 |12,960| ~.166| 11.133| .80 |ML.A3L| -.138 9.5 B0L| 957 -.008| 707|203 TARL| =00 | kghR | -.0@3] A, -1
13.008( .15% | 13.005] -. .75 165 {1n,ne) -am) 0. gz 10, 02k -.3“62 .49 .088|7.log| -.083(5.2m{ -.mB|3en1| -
la-m .183 *E?ﬁ -090| 12,219! ,123 {12.277{ -.015|l0.001| . 10.50T| - ‘0(-853 WET| T.8% | -.060 5.% -0 | 5.h60 | -.100
AL S K -.065| 12,6301 ,002 |1e.0:B| -. lo.ﬁ 083 10.279 -.030] 0.206| .ok 8.p04| -.030]5. -,00819, 708 | -.087
14,87 | .o |21k,.B50| 033 ] 13,363 .04 {13.36%| -. 1, ,0h1 | 11,h3g -.g s.ﬁ K -] 6.& -,020| 9,939 | ~.00% [ 5.9%1 | -.039
15.%30 | .005|15.h30| -.005| 18.887] .00 |13.887| -.005111.887| .ookj11.887| -. 8. 009 | 8, -,003) 6,172 | .oal|6.272) -.00
L.E,R. 0.029 0,029 0.033 0,050 0.057
Ex JOR9 3 035 ,0%0 056

¥ -008 = =203 =317 -85
P 0P -1360 1,000 2,20 -5.00°
Notes: 1, Root and tip sections oo & shord parpendigular to xfa = 0,31 = ocnetant are FACA S%A005 mixfolla on coa-thizd of an FACA 230 mean line for

u;i = 0.1,

2, Sections at station 6,200 and 11.h56 on abords perpsndicular to xfc = 0.3 sro NADA G4AGCE sections om an = = 0,8 (modified) mean line for

071 =0,8.

3, Wing is twisted for Linear slesents vith ey = =5,00%
k. Wing alements are folred betwmen glvem stations gver the entire wing to eliwinate sy sbrupt discontimiities due to tha differsnt casbers,

Xy — Referance plons
PPy ) - -
4
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Equation of body coordinates Note: I All dimensions in inches unless otherwise noted
3 " ‘. . .
T, [I— (I— Ex)z ].a. 2. All wing dimensions for a projecied plan form
o 1

= [~ 165

Roughness strip
(§ inch wide)

3240

—— [805 ——

Flgure 1.~ Model arrangement.
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Figure 2.- Comparison of normal and modified leading-edge radll for
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Figure 7.~ The variation with Reynolds number of the drag coefficlents at constent 11ft
coefficlents.
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Flgure 9.~ The effect of Reynolds nunber on the 1lift-drag ratlos.

TS




NACA RM AS8C2L

HH
R

— Without roughness

-==-= With roughness

0

5 T
am
3 H
T H -
-+ ! 2 " HT|
o HE-
-3 I H ] 0
I u
Y
Y i al
¥ 13
Ly
T
17 = o
- r i ul
FITTET
1 n 1
T =
{aw T 2

ol

FEEER

(For M=060

Figure 10.- The effect of Mach number on the 1ift-drag ratios; R = 1.5x108,

i , Q
i H T
] Il T ™ I
_—__ Tt "
. e T i Ho ©
1
h
F : L]
4 -“ -----
T = T -
am T
m < ©
o
B e
et e el
5 H Lrpriee T Tt o =2 = ..%



— Distributed camber §
----- Conical camber for G <022(ref. 2 ) £
—wa = Full L.E. suctlon{elliptic loading)
—-~No LE. suction Theory E
HHHH FH HH FHH P >
Without With ] Without FEEFS h 2
roughness roughnsss HH roughness HH HHH roughness HH E
20 i
l L) by E 1 BE
15 H e ghn
(k) 105 e Eisdssae : h
D/max et .
.
0 : H
4 8 I 5 gt
GL 1ai r‘lllll- T+ -|| ina wuml :::lr T
=1 FH 1
> asits i unn Bod=a
for (—L)
D/max
0G"¢ 5 6 T 83 4 5 8 T 8 2 3 2 3
Rx107¢
(a) M= 0.22 (b) M = 0.60

Figure 11.- The varietion with Reynolds mmber of the meximmm lift-drag ratios and the 11ft
coeffliclents for maximum 1lft-drag ratios. N
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Figure 13.- The varietion with Reynolde number of the pitching moment and the lift and pitching.

moment curve slopes; Cy = O.
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